The aim of the research was to compare the impact of short-term deprivation of selected macronutrients (Ca, K, Mg and P) on the photosynthetic characteristics, transpiration and pigment content in maize. The strongest inhibition of photosynthesis was caused by a deprivation of Mg, which was visible as a decrease in the photosynthetic and transpiration rates, stomatal conductance, photosystem II (PSII) performance, chlorophyll and flavonol content with a simultaneously increased content of anthocyanins. In the K-deprived plants, a decrease in the photosynthetic rate was observed. However, the transpiration rate and stomatal conductance did not differ significantly compared with the control. In the K-deprived plants, a decrease in chlorophyll and an increase in the anthocyanin content were also observed. We showed that Ca starvation resulted in a decrease in the photosynthetic and transpiration rates, stomatal conductance and PSII performance, while the pigment content was not significantly different compared with the control. In the case of P-deprived plants, we observed a decrease in the photosynthetic and transpiration rates. Interestingly, the inhibition of stomatal conductance was the strongest in the P-deprived plants compared with all of the investigated elements. However, the performance of PSII was not significantly affected by P starvation compared with the control. Our results present for the first time a comprehensive analysis of the effect of short-term macronutrient deprivation on photosynthesis and transpiration in maize plants.
Mg in the chlorophyll molecule, it participates in the light reactions in the thylakoid membranes and promotes electron transport, which results in the generation of the H + ion gradient across the thylakoid membrane. Under an Mg deprivation, the thylakoid membranes are disorganized, thus disabling the electron transport in PSII 2, 11 . Mg promotes photochemical quenching by having a positive effect on photosynthesis 12 . Another macronutrient that plays an important role in photosynthesis is potassium. The research that has been conducted so far showed that a K deprivation leads to a reduction in photosynthetic efficiency due to a decrease in the photoprotection mechanisms, decrease in chlorophyll content, the degradation of chloroplast structure as well as changes in the Rubisco activity [13] [14] [15] [16] . The decrease in the photosynthetic rate and stomatal conductance that is caused by a K deprivation has also been described by many authors [17] [18] [19] [20] . Nevertheless, to the best of our knowledge, there have been no reports on the exact mechanism of the effect of a potassium deprivation on photosynthesis 16, 21, 22 . Another function of K is the regulation of stomatal movement, which is dependent on the K + content. When potassium ions are transferred from the cells into the apoplast, the stomata close and transpiration is inhibited. Therefore, in conditions in which the K content is appropriate, higher values of parameters such as the water content in leaves, the osmotic potential, transpiration and stomatal conductance have been observed compared to plants that were under potassium deficient conditions 23, 24 . Furthermore, the degree of stomatal opening, in addition to its direct impact on the water relations of plants, determines the CO 2 uptake and thus indirectly has an influence on the photosynthesis rate [25] [26] [27] . In the case of calcium, which is another essential plant macronutrient, it is worth stressing its major role as an intracellular messenger in cytosol and thus its participation in the stress signal transduction in plant cells 2, 28, 29 . It also was found that the chloroplasts are part of the cellular Ca 2+ network and that they contribute to the cytosolic Ca 2+ signalling. Moreover, Ca 2+ is a structural component of PSII and takes place in photosynthetic water oxidation, because this process, which occurs in PSII, requires a metal cluster that contains a calcium ion 29 . In addition, calcium has also been shown to improve photosynthetic efficiency and stomatal conductance in plants that had been treated with acid precipitation, as well as heat stress 30, 31 , which is associated with an increased Rubisco activity in plants that had been treated with CaCl 2 32, 33 .
The aim of the research was to compare the impact of short-term deprivation of selected macronutrients (Ca, K, Mg and P) on the yield of the photosynthetic apparatus, transpiration and pigment content in maize. We used non-destructive methods for the measurements and portable devices with the aim of determining the stress markers that are caused by deprivation of the selected macronutrients. A simultaneous comparison of the effect of Ca, K, Mg and P deprivation on the chlorophyll a fluorescence, photosynthetic and transpiration rates, stomatal conductance and chlorophyll, anthocyanin and flavonol content was performed on maize for the first time. The removal of elements did not caused their deficiencies and decrease of growth. Thus, physiological processes investigated in the current study can be used as the early markers of selected macronutrient deprivation.
Results
Plant growth parameters and accumulation of elements. The macronutrient deprivation did not caused any significant changes in investigated growth parameters compared with the control (Table 1) . However, each macronutrient deprivation was detected as significant decrease of its concentration in shoots, 4 th leaves and roots compared to the control (Table 1) .
Chlorophyll a fluorescence. Chlorophyll a fluorescence was presented both as typical OJIP curves and as a subtraction between the variable fluorescence curves of each deprivation variant and the control (∆Vt) ( Fig. 1 ). One week of a macronutrient deprivation did not cause any evident deviations in the course of the fluorescence induction curves with the exception of a significant decrease in the maximum fluorescence (F m ) (Figs 1A and 2). For ΔV t , there were four visible bands: ΔK (at ~300 μs), ΔJ (at ~2 ms), ΔI (at ~10 ms) and ΔH (at ~40 ms) ( Fig. 1B) . The Mg-deprived plants were characterized by the strongest negative changes, which were manifested as the presence of all of the abovementioned bands in the ΔV t curve (Fig. 1B) . A milder effect was observed in response to K starvation. Although all of the bands were also visible, the ΔJ was clearly smaller compared with the Mg-deprived plants. In the plants under Ca deprivation, only the ΔI and ΔH bands appeared and both were relatively small. On the other hand, the negative effect of a P deprivation was insignificant and the ΔV t curve for the P-deprived maize was similar to the control (abscissa) (Fig. 1B) .
The effect of macronutrient starvation on the selected parameters that describe the yield of the photosynthetic apparatus is presented in Fig. 2 . The time that was required to reach the maximum fluorescence (t Fm ) decreased significantly only in plants under K deprivation, whereas the total pool of plastoquinone (Area) was significantly decreased for the K-, Mg-and Ca-deprived plants compared with the control (Fig. 2) . Moreover, the fact that there were no differences in F 0 as well as a statistically significant decrease in F m for all of the experimental variants compared to the control plants were in line with the observations of the fluorescence induction curves. Furthermore, the quantum yield and probability for electron transport from Q A− to plastoquinone (ϕE 0 and ψE 0 , respectively) and the maximum quantum efficiency of the PSII (ϕP 0 , for the control 0.77) were significantly decreased (for both Mg and K 0.75), whereas the quantum yield of energy dissipation (ϕD 0 ) was increased only for the plants under K and Mg starvation. In the case of quantum yield and probability for the reduction of the end electron acceptors at the PSI acceptor side (ϕR 0 and δR 0 , respectively), besides the K and Mg deprivation, a Ca deprivation also caused a considerable decrease in the parameters (Fig. 2) , which additionally confirmed the observations of the ΔI and ΔH bands for this stress (Fig. 1B) .
The phenomenological models of energy fluxes through the cross sections (CS) of the leaves of Zea mays L. under different macronutrient deprivations are presented in Fig. 3 . An Mg or K deprivation greatly diminished the energy fluxes in the plants compared to the other elements. Moreover, Ca starvation resulted in a significant decrease in the energy absorption by a cross section of the leaves (ABS/CS), energy trapping (TR/CS), the electron transport flux (ET/CS) and energy dissipation (DI/CS) compared with the control, but the decrease in all abovementioned parameters was significantly lower than the ones that were observed under K and Mg starvation. Table 1 . Plant growth parameters and accumulation of elements in organs. Presented data are means ± SE (n = 8); Means followed by the same letter in a row are not significantly different from each other using the LSD test (P < 0.05).
Figure 1.
Chlorophyll a fluorescence induction curves of the Zea mays L. treated with different macronutrient deprivation (A) and the effect of these deprivation on the relative variable fluorescence
For ΔV t analysis, the fluorescence of the control leaves was the reference and equaled 0. Values are means (n = 55).
Furthermore, the Ca-deprived plants did not differ in the percentage of active reaction centres (RC) compared to the control plants. On the other hand, in P-deprived plants values of ABS/CS, TR/CS, DI/CS and ET/CS did not differ considerably compared to the control plants, except for the percentage of active reaction centres, which was significantly lower ( Fig. 3 ).
Photosynthetic rate and transpiration. Each investigated macronutrient deprivation caused a significant decrease in the photosynthetic rate (Fig. 4A ). The strongest inhibition of CO 2 assimilation was exhibited by plants under Mg starvation (75% of control). The decrease in the photosynthetic rate of the Ca and P-deprived plants was similar and reached 84-81% of the control, whereas the plants under K starvation showed the lowest decrease in the photosynthetic rate (11%) compared with the control (Fig. 4A ). The most significant inhibition of the transpiration rate by 15% was observed in the plants with a Ca and Mg deprivation ( Fig. 4B ). In contrast, the deprivation of K did not cause a significant decrease in either the transpiration rate or stomatal conductance ( Fig. 4B,C) . The Ca-deprived plants were characterized by a decrease in stomatal conductance by 11% compared with the control. The decrease in stomatal conductance in the Mg-and P-deprived plants was similar and reached 79 and 76% of the control, respectively (Fig. 4C ).
Pigment content. The only significant decrease in the chlorophyll content was measured in the leaves of the K-and Mg-deprived plants (74 and 78% of the control, respectively) ( Fig. 4D ). Interestingly, a significant increase of the anthocyanin content of 225% and 175% of the control was only observed for the K-and Mg-deprived plants, respectively (Fig. 4F ). The flavonol content in the maize plants growing under conditions of a Ca, K and P deprivation was higher than the control, whereas in the Mg-deprived plants, a decrease in the flavonol content was observed; however, these differences were not statistically significant ( Fig. 4E ).
Principal component analysis.
A PCA analysis indicated a strong negative correlation between the anthocyanin content and the gas exchange parameters, especially the transpiration rate and stomatal conductance (Fig. 5 ). The parameters that describe the performance of the electron transport chain (ϕP 0 , ψE 0 , ϕE 0 , δR 0 , ϕR 0 , www.nature.com/scientificreports www.nature.com/scientificreports/ ϕD 0 ) were clustered in a separate quarter, and therefore, they grouped the cases independent of the pigment content and gas exchange parameters. Based on the PCA analysis, we can conclude that in the case of one-week-long deprivations most affected photosynthetic apparatus was observed in Mg-and K-deprived plants. An Mg and K deprivation were closely associated with high anthocyanin content and a decrease in most photosynthetic efficiency parameters simultaneously. Conversely, the plants under P starvation showed the lowest amount of damage for all of the conditions that were tested compared with the control (Fig. 5 ). In addition, the differences between measured physiological parameters of macroelement deprivation-stressed plants are presented in Table 2 .
Discussion
The problem of a nutrient deprivation has been well known for years and has also been relatively well examined; however, there is a lack of research that investigates the effect of starvation on both light and dark reactions of photosynthesis simultaneously. Moreover, the description of chlorophyll a fluorescence in many reports are often limited to only a few parameters, which do not reflect the possibilities of the method. Furthermore, in most cases of a nutrient deprivation, there is a dearth of data that characterize changes in the content of flavonols or anthocyanins, which are stress markers and can be easily determined today. Here, we present a wide spectrum of analyses that were focused on the processes connected with photosynthesis in maize under macronutrient starvation conditions.
One of the goals of this work was to find physiological markers of short-term macronutrient deprivation. For this reason plant seedlings were subjected to nutrient deprivation stress only for seven days, in contrast to experiments conducted by other authors [17] [18] [19] [20] [21] 24, [34] [35] [36] [37] . We found that such short-term treatment caused in shoots and roots a significant decrease in concertation of a macronutrient removed from the solution (Table 1) . However, no one of investigated growth parameters was lowered in nutrient-deprived plants ( Table 1 ). The deficiency phenomenon is featured by the critical concentration of element, below which growth and production of plant are adversely affected. Strammer and Mallarino 38 presented the relationship between corn relative grain yield and the P or K concentration in shoots of plants, which were grown in field conditions. They found, that the critical concentration range of P and K was from 4,800 to 5,500 and 18,800 to 25,300 mg kg −1 , respectively. Thus, the results presented in the current study did not show the occurrence of deficiency of both macronutrients in tested plants (Table 1) .
There are a few reports that have described the impact of Ca deprivation on photosynthesis in detail. Kalaji et al. 37 found that Ca starvation caused the highest and most significant changes among seven tested variants of nutrient deprivation (14-day-long deficiencies of Ca, S, Mg, K, N, P and Fe) in the ΔV t curve and most of OJIP www.nature.com/scientificreports www.nature.com/scientificreports/ test parameters for maize, whereas for tomato, the changes that were observed were not so extreme. A decrease in the chlorophyll content (in coffee tree, tomato and rice) and the maximum quantum efficiency of PSII (ϕP 0 ) (in coffee tree and tomato) under Ca starvation stress have also been documented by other authors [39] [40] [41] . We found that seven days of Ca deprivation primarily affected the electron transport to PSI (I-P phase) ( Fig. 1B) , which was also confirmed by a significant decrease of δR 0 and ϕR 0 (Fig. 2) . The obtained results may be connected with the Ca 2+ -dependent regulation of the biosynthesis of NADP + 29 . We also observed a significant decrease in the parameters of the energy fluxes such as energy absorbance (ABS/CS), trapped energy (TR/CS), electron transport flux (ET/CS) and dissipated energy (DI/CS) per a cross section of maize leaf (except RC/CS) ( Fig. 3) under Ca deprivation for the first time. Liang et al. 42 showed that cucumber leaves that had been sprayed with calcium chloride were characterized by a significantly higher photosynthetic rate than plants that were grown without calcium. Our results confirmed that Ca-deprived plants had a significantly lower photosynthetic rate compared to plants that were grown in a full nutrient medium (Fig. 4B) . However, the results of the measurements did not indicate a negative effect of a deprivation of Ca on the chlorophyll content (Fig. 4D) , which corresponds with the results that were obtained by Cho et al. for rice 41 . On the other hand, Kalaji et al. 43 observed a decrease in the chlorophyll content in maize under Ca deprivation by 55% of the control, which may have been caused by a longer (14 days) period of starvation. Although there is a lack of published data that describe the impact of a Ca deprivation on www.nature.com/scientificreports www.nature.com/scientificreports/ the content of flavonols and anthocyanins in leaves, the results of present study suggest an insignificant increase of the content of both pigments under short-term Ca starvation (Fig. 4E,F) .
Kalaji et al. 37 documented that two weeks of K starvation resulted in the presence of a relatively low positive ΔK band with a long shoulder to the ΔH band in maize, while in tomato, the ΔK band was the highest for all of the seven tested variants of nutrient deficiencies and the ΔI was the final observed positive band on the ΔV t curve. In addition, changes in the OJIP test parameters confirmed that relationships were observed for the ΔV t curves for both species 37 . Our results showed that one week of K starvation resulted in the appearance of a relatively high positive ΔI band with a shoulder to the ΔH band. Moreover, a positive ΔJ band was observed, which may suggest disturbances in the performance of both photosystems (Fig. 1B) . We observed a significant decrease in all of the investigated OJIP test parameters except for a significant increase of ϕD 0 and no differences in F 0 compared with the control (Fig. 2) . A significant decrease in ABS/CS, TR/CS, ET/CS and in the percentage of active reaction centres per CS (Fig. 3 ) are presented for the first time and they confirm the negative effect of a K deprivation on the energy fluxes in PSII. These observations suggest a key role of K in the correct functioning of the electron transport chain. Many reports have shown the inhibiting effect of a K deprivation on the gas exchange parameters, in long-term K deprivation experiments, a decrease has invariably been observed for both the photosynthetic rate and stomatal conductance [17] [18] [19] [20] [21] 24, 35, 36 . In contrast, our results indicate that a short-term K starvation significantly decreased only the photosynthetic rate (Fig. 4A ), while the decreases in the transpiration rate and stomatal conductance were insignificant compared with the control (Fig. 4B,C) . Many authors have also observed that a K deprivation decreased the chlorophyll content 21, 34, 37 , which is also in agreement with our results (Fig. 4D ). Hodges and Nozzolillo 44 examined several plant species (cabbage, cauliflower, radish and canola) for changes in the anthocyanin content under some types of nutrient deprivation stress and they found no significant differences in the anthocyanin content for any of the investigated species under K starvation. In contrast, the results of the current study indicate a strong effect of a K deprivation on the increase of anthocyanins in the leaves of maize, which suggests that this may be a species-specific reaction to stress (Fig. 4F) . While there is a lack of published data that show the effect of K starvation on the flavonol content in the leaves of any plant species, our results indicate an insignificant increase of the content of these pigments compared with the control (Fig. 4E) .
Most of the known functions of Mg in photosynthesis are that it is the central atom of the chlorophyll molecule 45 , hence plants have strong reactions to a deprivation of this macronutrient. A deprivation of Mg usually causes strong response in the chlorophyll a fluorescence, which is visible as the presence of positive bands on the ΔV t curve 3, 37 . Kalaji et al. 37 observed high positive ΔK, ΔJ, ΔI and ΔH bands for maize and relatively low positive ΔK and ΔI bands for tomato under 14 days of Mg deprivation, while Samborska et al. 3 found the presence of only a positive ΔJ band after seven days of a Mg deprivation in radish. Our results showed that seven days of Mg starvation caused disturbances in both O-J (ΔJ band with a shoulder to the ΔK band) and I-P (the highest ΔI band with a shoulder to the visible ΔH band) phases of the relative variable chlorophyll a fluorescence induction curves (Fig. 1B) . Moreover, Kalaji et al. 37 observed a decrease in most of the parameters that describe the OJIP test (e.g. ϕP 0 , ψE 0 , ϕE 0 , δR 0 and ϕR 0 ) and a characteristic increase of ϕD 0 that was caused by Mg starvation in maize, which is also confirmed by our results (Fig. 2) . The negative effect of a deprivation of Mg on the energy fluxes per an excited cross section in PSII was also presented on the leaf models ( Fig. 3 ). So far, to the best of our knowledge, no plant research studies have been published, which present influence of Mg deficiency on these parameters. The Mg starvation significantly affected photosynthesis, the transpiration rate and stomatal conductance, which has been confirmed by many authors 3, [46] [47] [48] and was also observed in our research ( Fig. 4A-C) . Furthermore, Samborska et al. 3 found a significant decrease in the chlorophyll a content but no significant changes in the flavonol content in the leaves of radish under an Mg deprivation, which is also confirmed by our results for maize ( Fig. 4D,E) . In this study, we showed, for the first time, that a deprivation of Mg enhanced the anthocyanin content, which suggest that this parameter may be a species-specific stress marker in maize for this type of stress (Fig. 4F ).
Kalaji et al. 37 found that a 14-day-long P starvation of maize plants caused relatively minor changes in the ΔV t curve course and in the OJIP test parameters (the lowest and most insignificant changes among the seven Table 2 . Changes in parameters describing photosynthetic apparatus performance of maize under deprivation of Ca, K, Mg or P. Asterisks show the statistical significance for each parameter compared with the control (ANOVA, LSD test, P < 0.05). Arrows describe the direction of statistically significant change when it is in the range ± 5% of the control. tested variants of nutrient deficiencies). Our work confirmed these results, and moreover, the ΔV t curve for the P-deprived maize plants was characterized by a similar shape to observed by Kalaji et al. (2014) (Fig. 1B) , and no significant changes were observed in the OJIP test parameters except for a decrease of F m (Fig. 2 ). Furthermore, Carstensen et al. 49 showed that a P deprivation primarily affects the electron transport to photosystem I (PSI), which can be detected based on the depletion of the I-step from the fast OJIP region of the chlorophyll a fluorescence transient. A similar observation of a fading I-step in plants suffering from a P deprivation was described by Frydenvang et al. 50 . The results presented in the current study confirm that the only significant observed band for the P-deprived plants was the positive ΔI band (Fig. 1B) , which suggest that there were disturbances in the I-P phase of the OJIP transient. This result may be correlated with a restricted PQH 2 oxidation due to the proton backlog that is caused by lumen acidification as was proposed by Carstensen et al. 49 . Many studies have reported a decrease in the photosynthetic and transpiration rates under P deprivation stress [51] [52] [53] . The presented data also confirm a significant decrease in these parameters ( Fig. 4A-C) that was caused by P starvation. Xu et al. 54 found that eight days of a P deprivation did not result in a decrease of the chlorophyll content in the leaves of rice. Similar results were obtained for soybean 6 and maize 43 . Our results also showed that one week of P deprivation stress did not result in a decrease in the chlorophyll content (Fig. 4D) . In contrast, a significant increase in the anthocyanin content in maize leaves after 25 days of P starvation was observed by Sun et al. 55 . Moreover, Hodges and Nozzolillo 44 found an increase of the anthocyanin content in cabbage, cauliflower and canola under a deprivation of P. The presented data confirm an increase of the anthocyanin content by 44% of the control in the leaves of P-deprived maize (Fig. 4F) ; however, this increase was not statistically significant. An enhancement in the flavonol content with an increasing P deprivation in a medium for Arabidopsis thaliana and Lycopersicon esculentum was observed by Stewart et al. 56 . Our results also indicated that the increase in the flavonol content was caused by P starvation, but it was not statistically significant (Fig. 4E) .
In the research presented here, we examined of selected macronutrient deprivation (Ca, K, Mg, P), on the following parameters: growth, the light-dependent and light-independent phases of photosynthesis, transpiration, stomatal conductance and pigment content in maize simultaneously for the first time. It should be emphasized that one week starvation did not caused deficiency of any macronutrient and growth inhibition. We found that the short-term removal of Mg, K and Ca had the most negative effect on the light-dependent phase of photosynthesis. On the other hand, the gas exchange was mostly inhibited by a deprivation of Mg, P and Ca. By contrast, K starvation did not result in any significant changes in transpiration and stomatal conductance compared with the control and that the decrease in the photosynthetic rate was the smallest compared to all of the investigated macronutrients. Interestingly, the K-deprived plants were characterized by the highest anthocyanin content, while the second and last significant increases in these pigments were observed for Mg deprivation. An inverse relationship was observed for changes in the chlorophyll content. We show for the first time how short term macronutrient deprivation affect the energy fluxes per a cross section and the content of flavonols and anthocyanins in the leaves of maize. As a result, this work substantially expands our knowledge of the effect of macronutrient deprivation on both the light-dependent and light-independent phases of photosynthesis and provides new data on the relationships between abovementioned processes and changes in the content of anthocyanins and flavonols. Based on the presented data, we can conclude, that the set of measurements that were used in the current study made it possible to determine the specific plant responses to each short-time macronutrient deprivation stress. We also documented that alterations in photosynthesis, transpiration or pigment content, as a response to macronutrient deprivations, are faster than growth inhibition or nutrient deficiency, suggesting that these alterations may be considered as an early-acting stress sensors.
Materials and Methods
Plant material. Caryopses of Zea mays L. cv. 'Lokata' were soaked in tap water for 2 h and sown in plastic trays lined with moistened cellulose sheets and germinated in an incubator (MIR-533, SANYO, Japan) at a temperature of 27 ± 1 °C in darkness. After three days, seedlings with 3.5 ± 0.5 cm long coleoptiles and a well-developed primary root were selected and transferred into the hydroponic culture.
Hydroponic culture. The seedlings were cultivated using a standard Hoagland medium 57 for the first two weeks of development with nine plants per container filed with 2,850 ml (315 ml/seedling) of the nutrient solution. The medium was changed twice a week and constantly aerated. The composition of the macronutrients is presented in Table 3 . The micronutrients remained unchanged (25 µM B, 2 µM Mn, 2 µM Zn, 0.5 µM Cu, 0.5 µM Mo and 50 µM Fe). The initial medium pH was adjusted to 6.0 ± 0.1 with 0.1 M HCl or 0.1 M NaOH. The average temperature in the greenhouse for day/night was 21/18 °C, respectively, the relative humidity was 30-40%, the Type of growth medium (mM). Table 3 . The composition of the various culture media used in the experiment.
